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Abstract
Linear colliders offer a unique possibility to study γγ and γe interactions at the
energies 0.1–2 TeV. This option is now included in design reports of NLC, JLC and
TESLA/SBLC. This paper includes: status of photon colliders, new possibilities in
study of Higgs boson, ways to achieve high luminosities.
1 Introduction
It is very likely that linear colliders with the c.m.s energies of 0.2–2 TeV will be built
sometime, may be in about ten years from now [1]. Besides e+e−collisions, linear colliders
give an unique possibility to study γγ and γe interactions at energies and luminosities
comparable to those in e+e− collisions [2]-[4].
The basic scheme of a photon collider is shown in fig. 1. Two electron beams after
the final focus system are traveling toward the interaction point (IP). At a distance of
about 0.1–1 cm upstream from the IP, at the conversion point (C), the laser beam is
focused and Compton backscattered by electrons, resulting in the high energy beam of
photons. With reasonable laser parameters one can “convert” most of the electrons into
high energy photons. The photon beam follows the original electron direction of motion
with a small angular spread of the order 1/γ, arriving at the IP tightly focused, where
it collides with a similar opposing high energy photon beam or with an electron beam.
The photon spot size at the IP may be almost equal to that of electrons at IP, and,
therefore, the luminosity of γγ, γe collisions will be of the same order of magnitude as the
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Figure 1: Scheme of γγ; γe collider.
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Figure 2: Crab-crossing scheme
“geometric” luminosity of the basic ee beams. The detailed discussion of photon colliders
can be found in refs [3]-[6]. and in the Berkeley Workshop Proceedings [7].
As of today, this option is included into the Conceptual Design Reports of NLC [8],
TESLA–SBLC [9], and JLC [10] linear colliders. All these projects foresee the second
interaction regions for γγ, γe collisions.
This paper covers three topics:
• physics at photon colliders, paticularly some important remarks on new possibilities
to study the Higgs boson in γγ collisions;
• parameters of photon colliders in ‘Zero design’ projects of linear colliders;
• ways to achieve very high luminosities.
2 Physics
2.1 General remarks
The physics in high energy γγ, γe colliders is very rich. The total number of papers de-
voted to this subject exceeds one thousand. Recent reviews of physics at photon colliders
can be found, for instance, in TESLA/SBLC Conceptual Design Report [9] (with many
references therein) and in the J.Jikia’s talk at “Photon 97” [11]. In this paper, besides
some general words on the physics in γγ, γe collisions, I would like to discuss some new
important aspects of the Higgs study in γγ collisions.
For scientific (and political) motivation of building photon colliders the following short
list of physics goals can be presented:
1. Some phenomena can be better studied at photon colliders than with pp or e+e−
collisions, for example, the measurement of the two-photon decay width of the Higgs
boson. Due the loop diagrams, all massive (even ultra-heavy) charged particles
contribute to this width if their mass is originated by the Higgs mechanism. Some
Higgs decay modes and its mass can be measured at γγ colliders better than in e+e−
or pp collisions (see the next section).
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2. Cross sections for production of charged scalar, lepton and top pairs in γγ collisions
are larger than those in e+e− collisions approximately by a factor of 5 (see fig. 3);
for WW production, this factor is even larger, about 10–20.
3. In γe collisions, charged supersymmetric particles with masses higher than in e+e−
collisions can be produced (a heavy charged particle plus a light neutral), γγ col-
lisions also provide higher accessible masses for particles which are produced as a
single resonance in γγ collisions (such as the Higgs).
These examples together with the fact that the luminosity in γγ collisions is potentially
higher than that in e+e− collisions (see sect. 4) are very strong arguments in favor of
photon colliders.
Figure 3: Comparison of cross sections for charged pair production in e+e− and γγ
collisions. The cross section σ = (πα2/M2)f(x), P=S (scalars), F (fermions), W (W-
bosons); M is particle mass, x = W 2pp¯/4M
2. The functions f(x) are shown.
A typical distribution of γγ or γe luminosity on the invariant mass has high energy
peaks at the maximum masses with widths ∆Wγγ/Wγγ ≈ 0.15, ∆Wγe/Wγe ≈ 0.05[6, 9].
Below the high energy peak, there is usually a flat part of the luminosity distribution with
1–10 times larger total luminosity (depending on details of the collision scheme).
Statistics equal to that in e+e− collisons, can be achieved in γγ collisions with much
smaller (at least by a factor of five) luminosity. Of course, in any case data in γγ and
e+e− collisions are complimentary to each other because the coresponding diagrams are
different).
2.2 Higgs in γγ collisions
Search and study of the Higgs boson, the key particle of the Standard model, is one of
the primary goals of linear colliders. The LEP-2 will put the lower limit on its mass ot
about 95 GeV. Indirectly, from radiative corrections, it follows that the Higgs mass (if
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the Standard Model is correct) is 140+150
−80 GeV [12]. The MSSM predicts a mass of the
lightest neutral Higgs less of than 130 GeV. So, the mass of the Higgs most probably lies
in the region of 100< MH <300 GeV. Some parameters of the SM Higgs (total width, γγ
width, and main branching ratios) are presented in fig. 4 [18, 21].
Higgs production in γγ collisions has been considered in many papers. Unfortunately,
different authors have used their own definitions of the γγ luminosity which often led to
underestimation of the expected number of events for a given integrated γγ luminosity.
In the present paper, we will directly compare the Higgs production cross sections in γγ
and e+e− collisions. I would like also to pay attention to some additional possibilities for
Higgs studies at photon colliders connected with a very sharp edge in the γγ luminosity
spectra.
Anyway, we feel it is essential to address the issue of whether the intermediate mass
Higgs could be observed as a resonance in a setting with a spectrum that allows a whole
and self-contained physics program to be conducted.
The issue of s eing the heavy Higgs in the WW and ZZ channels has been addressed
in sections 6 and 7 and discussed in the talk of D. Zappala and H. Veltman[32, 88]. In
this section we only reassess the  discovery potential of the SM Higgs, readdress the
question of dierent backgrounds and how one could reduce their eect to a minimum. A
few investigations of this aspect have been done with dierent emphasis and approaches
[51, 52, 16, 64, 89].
The IMH, as is known, will decay predominantly into a b

b pair and has an extremely
narrow width (see Fig. 15). This width,  
H
=  
total
, is of order of a few MeV.
Figure 15: Some of the SM branching ratios of the Higgs as a function of the Higgs mass
calculated with a top mass of 150GeV . Also shown (thick lines) the total width and the
 width.
In the rest frame of the Higgs, the fermions are produced isotropically in the J
Z
= 0
45
2.1 Measurements of the Higgs boson couplings
The most fundamental properties of the Higgs boson are its mass, its total
width an its partial widths. Ideally, one would wish to determine, in a model-
independent way, all of the tree-level and one-loop couplings of the h
0
, its
spin, parity, and CP nature, and its total width. The total Higgs width, while
certainly important in its own right, becomes even more so since it is required
in order t compute many important partial widths, which provide the most
direct means of verifying that the observed Higgs boson is or is not the h
SM
.
While branching ratios, being the ratio of a partial width to the total width
can not be u ambiguously interp eted, any deviations of partial widths from
SM pre ictions can b dir ctly compared to predictions of alternative models
such as the MSSM, the Non-Minimal Supersymmetric Standard Model, or the
general two Higgs doublet model (2HDM)
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Figure 1: Total width versus mass of the SM and MSSM Higgs bosons for m
t
= 175GeV
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and the main branching ratios BR(h
SM
) of the Standard Model Higgs decay channels
12
.
The predicted width,  
tot
h
SM
, and branching ratios are plotted in Fig. 1 as
a function of m
h
SM
. For m
h
SM
<

2M
W
,  
tot
h
SM
is too small to be reconstructed
in the nal state and only indirect determination of  
tot
h
SM
is possible at NLC
and LHC using a multiple step process; the best process depends upon the
Higgs mass. In this respect  collider mode oers a unique possibility
8 10
to produce the Higgs boson as an s-channel resonance decaying, for instance,
into b

b:
 ! h
0
! b

b (1)
and thereby measuring the rate for the Higgs boson production in  mode of
2
Figure 4: Some of the SM Higgs branching ratios as a function of its mass [18, 21]. On
the left figure [18], the total and the γγ width (thick l nes) are also shown.
The total Higgs wid h at masses below 400 GeV is much smaller than the char cteristic
width of γγ luminosity spectra (FWHM ∼ 10 − 15% ), therefore the production ra e is
proportional to dLγγ/Wγγ :
N˙γγ →H = Lγγ ×
dLγγMH
dWγγLγγ
4π2Γγγ(1 + λ1λ2)
M3H
≡ Lγγ × σ
eff . (1)
where λi is the photon helicity. Below we assume that the Higgs search and study is done
utilizing the high energy peak of the γγ luminosity energy spectrum.
The effective cross section for (dLγγ/dWγγ)(MH/Lγγ) = 7 and 1+λ1λ2 = 2 is presented
in fig. 5. Note that here Lγγ is defined as the γγ luminosity at the high energy luminosity
peak (z = Wγγ/2Ee > 0.65 for x = 4.8), thus ignoring the lower energy part of the
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luminosity spectrum, which is much less valuable for experiment.1 This luminosity is
approximately equal to 0.25k2Lee(geom). For comparison, in the same figure the cross
sections of the Higgs production in e+e− collisions is shown. We see that for MH = 100–
250 GeV the effective cross section in γγ collisions is larger than that in e+e− collisions
by a factor of about 5–30. This interesting fact has never been emphasized.
Figure 5: Cross sections for the Stan-
dard model Higgs in γγ and e+e− colli-
sions.
Figure 6: Shape of the γγ luminos-
ity spectrum near the high energy edge.
Here z = Wγγ/2E0.
How do we study the Higgs in γγ collisions? One obvious way is searching for a peak
in the invariant mass distribution measured by the detector. This is the only method
utilizing the broad luminosity spectrum. The mass resolution in this method can be
somewhat better than the width of the high energy luminosity peak.
Another method is the energy scanning where we can use some important features of
the γγ luminosity distribution: quite narrow width of high energy peak and a very sharp
edge of luminosity distribution which is much narrower than the width of the luminosity
peak and the detector resolution, see fig. 6. For x = 4.8 the differential luminosity
(dL/dz) reaches half of its maximum at ∆z = zmax − z = 0.8% (at ρ = b/γae = 1).
During the scanning, we will observe a sharp increase in the visible cross section when the
maximum energy of the γγ collider reaches MH (if the Higgs is a very narrow resonance).
Observation of a step at the same energy for different decay modes significantly increases
confidence of results, especially for modes with small branchings or with difficulties in
reconstruction. For example, detection of the H → ττ decay is a difficult task due to
1It is also possible to search for the Higgs at a constant collider energy utilizing a flat part of the
luminosity spectrum instead of energy scanning. However, in this case dLγγ/dWγγ is lower (no peak and
a wider energy range) and we have much larger backgrounds (γg → bb¯, etc), worse polarization degree
(partially due to contribution of multiple Compton scattering and unpolarized beamstrahlung photons)
and, consequently, worse suppression of backgrounds; therefore, the required total integrated luminosity
will be only larger than in the method of scanning (this statement should be checked more carefully). If
the Higgs mass is already known, then, obviously, one has to work at Wγγmax ∼MH .
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undetected neutrinos. The most reliable way to see this channel is to observe a step in
visible cross section for events with the following selection criteria: two collinear low-
multiplicity jets with unbalanced transverse momentum and with the energy of one jet
not far from the maximum photon energy.
The total number of events for 10 fb−1 of integrated γγ luminosity (as it was defined
above) for the case when the peak of the luminosity spectrum sits at the Higgs boson
mass is 13000 (18000) for MH = 130 (150) GeV respectively (follows from cross section
given in fig. 5). That is a lot! Due to energy scanning, the statistics will be somewhat
smaller, about N ≈ 0.5Npeak. The number of events for various decay modes (without
any cuts) is given in table 1.
Table 1: The number of Higgs events in various decay modes (no cuts) for MH= 130 and
150 GeV and 10 fb−1 of integrated γγ luminosity.
Mode bb¯ WW∗ ZZ∗ ττ cc¯ gg γγ γ Z
Br MH(130) 0.52 0.29 0.037 0.055 0.025 0.063 0.0022 0.0019
events 3400 1900 240 350 160 410 15 12
Br MH(150) 0.18 0.67 0.083 0.019 0.008 0.03 0.0014 0.002
events 1600 6000 750 171 74 260 13 22
The Higgs production at photon colliders and various backgrounds have been studied
in many papers for various decay modes: bb¯ [13]-[20]; ZZ [14, 15, 22]; WW [14, 15, 23, 24].
Below MH < 150 GeV, the SM Higgs decays mainly into bb¯ pairs. The main back-
grounds here are the QED processes γγ → bb¯, cc¯, which can be suppressed using vertex
detectors and polarized photon beams (σγγ→qq¯ ∝ 1−λ1λ2, while σγγ→H ∝ 1+λ1λ2). The
remaining background is small.
For MH > 190 GeV, the Higgs can be observed in the best way in the ZZ decay
mode. The main background here is the process γγ →WW , which can be suppressed by
requiring that at least one of the Z’s be detected in l+l− decay modes. In this channel,
the SM Higgs can be observed in the range MH ∼ 120 – 350 GeV. At higher masses, the
Higgs signal will be much smaller than irreducible background γγ → ZZ [22].
In the region MH > 140 GeV, the SM Higgs decays mainly intoWW (orWW
∗) pairs.
The main problem here is the background from γγ → WW with large cross section.
Fortunately, this background is very small forMH < 2MW [15, 23, 24], so that Higgs with
100 < MH < 160 GeV can be detected in this channel practically without backgrounds.
In the region MH > 160 GeV, the interference between the Higgs signal and the
background becomes important [23, 24]. The cross section of γγ → WW for various
Higgs masses is shown in fig. 7 (the left figure is taken from ref.[23], the right one from
ref.[24]) These cross sections correspond to monochromatic photon beams. In a real
situation the photon beam energy spread and the detector resolution are much larger
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than the Higgs width, so that the resonance structures is much broader but nevertheless
observable for not too largeMH . ForMH > 2MW , there are four additional constraints in
the 4-jet decay mode: two come from the zero transverse momentum of the system, and
two come from the jet-jet mass equal to MW . Using of these constraints should improve
the WW invariant mass resolution.
Much better sensitivity to narrow structures can be obtained utilizing the sharp edge of
the γγ luminosity spectrum. Using all these methods, one can see the Higgs in γγ →WW
decay mode from MH ∼ 100 GeV up to MH ∼ 200–250 GeV or even the higher.
140 150 160 170 180 190 200
0
20
40
60
80
100
MWW , GeV
σ, pb
Fig.1.  The   => WW cross sections for  different MH.
Figure 7: The γγ → WW cross section for various Higgs masses, see comments in the
text
Detection of the Higgs in ττ, cc, gg, γγ, γZ decays are also possible at photon colliders.
In γγ and γZ modes, the background is rather small [25, 26]. Conclusions on perspectives
of Higgs detection in these modes and required luminosities can be made only after a detail
simulation.
Photon colliders also allow to measure the Higgs mass with a high precision. The very
sharp edge of the luminosity spectrum and high statistics make it possible to obtain a
much better accuracy than in e+e− or pp collisions. In this measurement, it is important
to remember that nonlinear effects in the conversion region can shift the maximum energy
of Compton photons and change the shape of the luminosity spectrum [5, 6]. To reduce
this effect, the parameter ξ2 characterizing nonlinearity should be kept small enough. The
shape of the luminosity spectrum near zmax should be measured very precisely using the
processes γγ → µµ (e+e−).
As we have seen, the Higgs can be very successfully studied in γγ collisions for MH =
100–350 GeV, may be even better than in e+e− collisions.
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3 Luminosity
3.1 Current projects
Due to the absence of beamstrahlung, beams in γγ collisions can have much smaller
horizontal beam size than in e+e− collisions, thus the beta functions at the interaction
point can be made as small as possible (some restrictions are imposed by the Oide effect
connected with chromatic aberrations due to synchrotron radiation in the final quads).
However, even after optimization of the final focusing system the attainable γγ luminosity
in curent LC projects is determined by the attainable “geometric” ee–luminosity.
The results of simulations for different projects are the following. For the “nominal”
beam parameters (the same as in e+e− collisions) and the optimum final focus system the
luminosity Lγγ(z > 0.65) ∼ (0.8/1.2/0.7)× 10
33 cm−2s−1 for NLC/TESLA/SBLC, or by
about factor 5 smaller than e+e− luminosity.
Obviously, this is not a fundamental limit. Below we will discuss what the limit really
is and how to approach it.
3.2 Ultimate luminosity
The only collision effect restricting γγ luminosity at photon colliders is the coherent pair
creation which leads to the conversion of a high energy photon into e+e− pair in the field
of the opposing electron beam [27, 5, 6]. There are three ways to avoid this effect: a) use
flat beams; b) deflect the electron beam after conversion at a sufficiently large distance
from the IP; c) under certain conditions (low beam energy, long bunches) the beam field
at the IP is below the critical one due to the repulsion of electron beams [28]. The problem
of ultimate luminosities for different beam parameters and energies was analyzed recently
in ref.[29] analytically and by simulation. The resume is following.
The maximum luminosity is attained when the conversion point is situated as close
as possible to the IP, at b ≈ 3σz + 0.04E[TeV] cm (here the second term is equal to
the minimum length of the conversion region). In this case, the vertical radius of the
photon beam at the IP is also minimal: aγ ∼ b/γ (assuming that the vertical size of the
electron beam is even smaller). The optimal horizontal beam size (σx) depends on the
beam energy, the number of particles in a bunch and the bunch length. The dependence
of the γγ luminosity on σx for various energies and numbers of particles per bunch is
shown in fig. 8. The bunch length is fixed at 0.2 mm. The collision rate is calculated
from the total beam power, which is equal to 15E[TeV] MW (close to that in current
projects). From the fig. 8 we see that at low energies and small numbers of particles,
the luminosity curves follow their natural behavior L ∝ 1/σx, while at high energies and
large numbers of particles per bunch the curves make a zigzag which is explained by γ →
e+e− conversion in the field of the opposing beam.
What is so remarkable about these results? First of all, the maximum attainable
luminosities are huge, above 1035 cm−2s−1. At low energies, there is no coherent pair
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creation, even for a very small σx’s, when the field in the beam is much higher than the
critical field Bcr = αe/γr
2
e . This is explained by the fact that during the collision the
beams are repulsing each other so that the field on the beam axis (which affects high energy
photons) is below the critical field. It means that the γγ luminosity is simply proportional
to the geometric electron-electron luminosity (approximately Lγγ(z > 0.65) ∼ 0.1Lee) for
σx, σy < b/γ ∼ 3σz/γ + 0.2 nm. For energies 2E< 2 TeV, which are in reach of the
next generation of linear colliders, the luminosity limit is much higher than it is usually
required and much higher than in e+e− collisions (especially at low energies).
One of the main problems in obtaining such high γγ luminosity is generation of electron
beams with small emittances in both horizontal and vertical directions. In the following
sections we will discuss various approaches to solving this problems.
3.3 Ways to higher luminosities
There are several possibilities for increasing luminosity.
1) Reduction of the horizontal emittance by optimizing the damping rings. For exam-
ple, at the TESLA, a decrease of ǫnx by a factor of 3.5 leads to an increase in Lγγ up to
3× 1033 cm−2s−1. However, it seems that this way is quite difficult.
2) One can use low emittance RF-photoguns instead of damping rings. Unfortunately,
Figure 8: Dependence of the γγ luminosity on the horizontal beam size for σz = 0.2 mm,
see comments in the text.
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even with the best photoguns the luminosity will be somewhat lower than that with
damping rings. However, there is one possible solution. The normalized emittance in
photoguns is approximately proportional to the number of particles in the electron bunch.
It seems possible to merge (using some difference in energies) many (Ng ∼ 5 − 10) low
current beams with low emittances to one high current beam with the same transverse
emittance. This gives us a gain in luminosity more than by a factor of Ng in comparison
with a single photogun (“more” because the lower emittance allows smaller beta functions
due to the Oide effect). Estimations show that with ten photoguns, one can achieve Lγγ
∼ Le+e− in all considered projects. There is only one “small” problem: such RF-guns with
polarized electrons do not exist yet, though there are no visible fundamental problems [31].
Also there is the “thermal” limit on emittance in photoguns, which puts some restrictions
on this method. In the AsGa photoguns with polarized electrons, this limit should be
much smaller than for metal photocathodes [31].
3) If one has flat electron beams (ǫnx>> ǫny) from some injector (a damping ring or,
better, an RF-gun), then it is possible, in principle, to make exchange of the horizonlal
and longitudinal emittances using an off-axis RF cavity (some head-tail kick arizing here
can be removed by additional RF cavities rotated by 900. This method was never tested
or even discussed. I do not know why. This method is especially promising for beams from
RF-guns, where very small energy spread allows both horizontal and longitudinal beam
compression. This method as well as the previous one should be studied more carefully.
4) For a considerable step up in luminosity, beams with much lower emittances are
required. That needs development of new approaches, such as laser cooling [30] (see next
subsection). Potentially, this method allows to attain a geometric luminosity by two
orders higher than that achievable by other known methods.
3.4 Laser cooling
Recently [30], a new method of beam production with small emittance was considered —
laser cooling of electron beams — which allows, in principle, to reach Lγγ ≥ 10
35 cm−2s−1.
The idea of laser cooling of electron beams is very simple. During a collision with
optical laser photons (in the case of strong fields it is more appropriate to consider the
interaction of an electron with an electromagnetic wave) the transverse distribution of
electrons (σi) remains almost the same. Also, the angular spread (σ
′
i) is almost constant,
because electrons loss momenta almost along their trajectory (photons follow the initial
electron trajectory with a small additional spread). So, the emittance ǫi = σiσ
′
i remains
almost unchanged. At the same time, the electron energy decreases from E0 down to
E. This means that the transverse normalized emittances have decreased: ǫn = γǫ =
ǫn0(E/E0). One can reaccelerate the electrons up to the initial energy and repeat the
procedure. Then after N stages of cooling ǫn/ǫn0 = (E/E0)
N (if ǫn is far from its limit).
Some possible set of parameters for laser cooling is: E0 = 4.5 GeV, le = 0.2 mm,
λ = 0.5 µm, flash energy A ∼ 10 J. The final electron bunch will have an energy of 0.45
GeV with an energy spread σE/E ∼ 13%, the normalized emittances ǫnx,ǫny are reduced
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by a factor of 10. A two-stage system with the same parameters reduces the emittances
by a factor of 100. The limit on the final emittance is ǫnx ∼ ǫny ∼ 2 × 10
−9 m rad
at βi = 1 mm. For comparison, in the TESLA (NLC) project the damping rings have
ǫnx = 14(3)× 10
−6 m rad, ǫny = 25(3)× 10
−8 m rad.
This method requires a laser system even more powerful than that for e → γ conver-
sion. However, all the requirements are reasonable, taking into account the fast progress
of laser technique and time plans of linear colliders. Multiple use of the laser bunch (some
optical resonator) can considerably reduce the required average laser power. This method
can be tested already now at a low repeatition rate.
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